Biogenic secondary organic aerosol (SOA) and deposited secondary organic material (SOM) are formed by oxidation of volatile organic compounds (VOCs) emitted by plants. Many SOA compounds have much longer chemical lifetimes than the original VOC, and may accumulate on plant surfaces and in soil as SOM because of their low volatility. This suggests that they may have important and presently unrecognized roles in plant adaptation. Using reactive plant terpenoids as a model we propose a three-tier (atmosphere-vegetation-soil) framework to better understand the ecological and evolutionary functions of SOM. In this framework, SOA in the atmosphere is known to affect solar radiation, SOM on the plant surfaces influences the interactive organisms, and wet and dry deposition of SOM on soil affects soil organisms.
Degradation of Plant Volatiles Leads to Secondary Organic Material
Plants represent the largest source of volatile organic compounds (VOCs) (see Glossary) into the atmosphere [1] [2] [3] . Plants use VOCs in many ways to reduce abiotic or biotic stress or communicate with other organisms [4] [5] [6] [7] . Typically, plants utilize VOC blends with one or few key volatile compounds as signaling compounds to repel herbivores or to attract pollinators and natural enemies of herbivores [8] . Most of the VOCs emitted by plants have relatively short lifetimes in the atmosphere ranging from less than a minute to few hours depending on the atmospheric conditions [5] . The short lifetime, with a deep concentration gradient around the emission source might have evolved to keep the high signaling value of induced VOCs to guide other organisms [9] . Recently, high reactivity of plant VOCs in polluted atmosphere has been associated with loss of their ecological functions [10] [11] [12] [13] .
Our current knowledge of biogenic secondary organic aerosol (SOA) and secondary organic material (SOM) formation from plant volatiles is limited and most of the experimental evidence of the formation processes comes from atmospheric oxidation of VOC in reaction chambers, where they are exposed to natural atmospheric oxidants in controlled conditions [14, 15] or from atmospheric measurements above forests [16] . Plant foliage is the most important source of biogenic VOCs in nature, but also represents an important sink by adsorption on leaves and uptake through stomata, representing in some cases over 40% of emitted VOCs [17, 18] . However, primary organic aerosol (POA) such as fungal spores and carbon from fossil fuel combustion as well as inorganic aerosols may contribute VOC adsorption. Furthermore, microbiota on plant surfaces (phyllosphere) may also contribute to both VOC emission and adsorption [19] . The chemical behavior of VOCs and SOM in plant foliage is the key for understanding the role of secondary compounds for plant biology and ecosystem function. Some known first-stage volatile reaction products of VOCs such as gaseous methacrolein, which is produced by oxidation of isoprene, have been shown to affect plant species interaction [20] . The ecological effects of less volatile VOC oxidation products are
Trends
Oxidation of biogenic and anthropogenic VOCs in the atmosphere leads to formation of SOA particles which further grow and participate in cloud formation, and affect solar irradiation, temperature, and precipitation.
Part of the atmospheric SOA also accumulates as SOM on foliage of plants and deposits on soil surface.
Biogenic VOCs are emitted at high rates from plant foliage, but SOM formation under conditions found in the leaf boundary layer is unexplored.
The ecological and evolutionary effects of biogenic VOCs may persist even after the original VOCs are oxidized. SOM formed from plant VOCs are expected to have even stronger ecological effects than the parent VOCs as these oxidation products are decorated with a number of reactive functional groups (carbonyls, carboxyls, hydroxyls, peroxy, hemiacetal, etc.) which may affect, for example, sensory organs of herbivores. presently unknown, but can be expected to be stronger than for the parent VOCs, because these products are decorated with a number of reactive functional groups (carbonyls, carboxyls, hydroxyls, peroxy, hemiacetal, etc.), which may affect also gustatory sensors of herbivores [21] . Thus, the ecological functions of SOM formed from plant VOCs may have adaptive value for plants. Analyses of decaying plant litter of monoterpene-storing plant species have found SOM species known as early-stage products of atmospheric oxidation of monoterpenes [22] . Therefore, using reactive plant terpenoids as a model, we propose a three-tier (atmosphere, vegetation surfaces, soil) framework of SOM formation and deposition to better understand the ecological and evolutionary functions of SOM in the atmosphere and in ecosystems on individual plant and community level (Figure 1, Key Figure) .
Formation and Aging of SOA in Atmosphere
The specific blend of VOCs emitted by a single plant is highly individual and strongly dependent on environmental conditions, including time of year, temperature, humidity, and presence of herbivores [5, 23, 24] . Furthermore, multiple plant species emit their own blends of VOCs at the same time resulting in a complex mixture of primary VOCs, which have variable atmospheric lifetimes. However, there are usually one or a few principal VOC compounds, such as isoprene or a-pinene, which dominates the emissions of volatiles and resulting SOA formation [24] . For the purpose of this opinion article, we will focus on the chemistry of a-pinene, which accounts for more than 30% of global monoterpene emissions, but similar considerations should apply to environments dominated by other types of VOCs. Reaction chamber experiments with real plant VOC emissions have indicated that SOA mass yields are generally lower, but within the same range as found in single precursor VOC experiments [25, 26] . However, abiotic [14, 27] and biotic [27] [28] [29] stressors cause plants to substantially increase VOC emissions and SOA yields.
Box 1 illustrates a typical fate of a-pinene in a boreal forest atmosphere. Under representative atmospheric conditions, a-pinene is converted into its first-generation oxidation products, such as pinonaldehyde or cis-pinonic acid, on a timescale of few hours. The first-generation products of VOCs have considerably lower volatility than their precursor species [30] and are distributed between the gas and particle phases of SOA. Further oxidation produces progressively less volatile products, such as 10-hydroxypinonic acid and 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA) [31] , which are found almost exclusively in the condensed (particle) phase of SOA. Furthermore, the monomeric oxidation products, which retain remnants of the initial molecular structure of a-pinene, can dimerize in the condensed phase resulting in larger dimer molecules with even lower vapor pressures. Such dimer compounds have been detected in both laboratory and field measurements [32] [33] [34] .
The recent advances in high-resolution mass spectrometry suggest that the SOA particles are not only chemically complex [35] , but also change their chemical composition over time as a result of various chemical and photoinitiated aging processes [36] . The same chemical processes are expected to affect SOM deposited on various surfaces, including vegetation. For example, exposure of biogenic or anthropogenic SOAs to sunlight was found to trigger photodegradation of organic compounds as well as release of small oxidized VOCs, such as formic acid and acetone, in the air [37] . Exposure of particles to common oxidants, such as OH, O 3 , and NO 3 , leads to heterogeneous reactions that modify both the surface and bulk composition of the particles [38] .
Removal of SOA from the atmosphere involves dry and wet deposition in various ecosystems, with the SOA compounds ending up on various environmental surfaces as SOM. For example, accumulation of biogenic SOM deposition layers was detected in snow [39] and ice of high mountain glaciers [40] . Biogenic SOA and SOM can be recognized through unique tracer compounds formed from biogenic VOCs by atmospheric photooxidation (Table 1) . It has been estimated that global biogenic and anthropogenic VOC emissions add up to 1350 TgC/y [15] . Of this amount, $150 TgC/y is estimated to become deposited as particles and $800 TgC/y as organic vapors to various ecosystems [15, 41] , becoming SOM. Based on the large amounts of deposited SOM, and based on the expectation that SOM molecules have higher biological activity compared to VOCs, we can conclude that the global ecological effects of deposited SOM may be comparable those of their parent VOCs. 
Key

SOM on Plant Surfaces
Leaf surface has an important role as a VOC emitter, but it may also serve as a SOM sink and substrate for further SOM aging chemistry. Both SOA particles and semivolatile molecules will readily deposit on surfaces of emitter and nonemitter plants forming a film of SOM that includes a variety of organic compounds (peroxides, carbonyls, carboxylic acids, alcohols, esters, hemiacetals, etc.).
There could be shortcuts that form SOM on plant surfaces without the intermediary of SOA. In the leaf boundary layer, the atmospheric concentrations of VOCs are elevated before their dilution during emissions. Therefore, VOC oxidation products may form faster and be deposited directly on surfaces of the emitting plants. Isoprene, the most abundant biogenic VOC emitted by vascular plants, and its first-generation oxidation products methyl vinyl ketone (MVK) and methacrolein are common in leaf headspace [42] . It has been shown that there is a bidirectional flux of these compounds from/to leaves and uptake by leaves from the atmosphere [43] , but earlier ecosystem level analysis suggested that deposition on plant surfaces is dominant [44] . It has also been proposed that the primary VOCs can be oligomerized directly on the surfaces of vegetation [45] , producing SOM. In addition, photosensitized processes have been suggested as a potential route for direct oxidation of VOCs into SOM on surfaces [45, 46] . Thin, mildly acidic water films on surfaces of plant foliage at night time create an environment for the reactive uptake of gaseous isoprene and converting it into less volatile oligomeric products [45] .
Plant leaves are known to act as an important sink of hygroscopic aerosol particles [47] . Particles smaller than 300 nm can even penetrate into the intercellular space of the leaf via stomata [48, 49] . In the case of SOA, experimental evidence of particle deposition directly on plant leaves is still lacking, but it is reasonable to assume that the particles readily stick to the leaf surfaces. While SOA particles remain in air for just a few days, SOM can remain on surfaces of plants considerably longer especially for hydrophobic compounds that cannot be efficiently washed away by dew condensation on surfaces or rain. Therefore, the aging processes mentioned above in the context of SOA particles may be much more extensive in the SOM material deposited on plant surfaces.
Monoterpenes emitted from forest rapidly become semivolatile and low-volatility compounds and condense on surfaces of existing aerosol particles [16] . Some of the early-generation SOM species may behave similarly to the semivolatile sesquiterpene alcohols ledol and palustrol. These compounds are emitted by Rhododendron tomentosum and were detected in atmospheric SOA particles [50] and found on the surfaces of other plant species [51] . These compounds, which are common only in one emitter plant species in boreal and subarctic ecosystems, might offer a model system to better understand the ecological functions and biological effects of plant-derived SOM. Ledol and palustrol, when deposited on the surfaces of neighboring plants, reduced specialist moth oviposition on foliage [52] . Similarly moth larvae avoided surfaces of filters exposed to O 3 -transformed damaged host plant VOCs at 100 ppb atmosphere affects light dispersion into tree canopies, further particle growth to CCN leads to cloud formation and sun-screening effects (negative radiative climate effect). These effects have important role in adaptation of vegetation to changing climate [75] on biome scale. Tier 2: SOM in the Vegetation. SOM formation and deposition on the green and protecting surfaces of vascular plants have important effects on community level in the ecosystem where the emitting plant grows. VOC reaction products in SOM may improve fitness of the emitting individual, but also fitness of other individuals of the same plant species and fitness of individuals of other plant species [76] . For example, SOM products on the plant foliage affect species interactions and may reduce herbivore pressure [53] . Scanning electron microscope image shows SOA particles (arrows) formed in a-pinene and ozone reactions in a reaction chamber. These sub-100 nm (ultrafine) particles were deposited on the surface of a copper grid covered by perforated carbon film in a 99-l glass chamber connected to the outlet of the reaction chamber. Tier 3: SOM in the Soil. In soil ecosystem, there are two distinctively different SOM forming plant VOC sources, plant rhizosphere and VOC-storing dead plant material accumulating on soil. Mechanisms of SOM formation in soil are poorly known. Deposition of SOM from atmosphere on soil can be a result of long-range transport of SOA. Leaching of SOM from plant surfaces might lead to accumulation of SOM, for example, under tall trees. Microbial activity may have important role in degradation of stored VOC compounds in dead plant material, but also in breakdown of deposited SOM. Abbreviations: CCN, cloud condensation nuclei; SOA, secondary organic aerosol; SOM, secondary organic material; VOC, volatile organic compound. ozone and spent less time searching on them compared to filters exposed to host plant VOCs in filtered air [53] . This is the first evidence that SOM formed on surfaces of plants other than emitter plants may have effects on species interaction. Reduced fitness of moth on plants with SOM deposition originating from metabolome of neighboring plant typically represents an extended phenotype effect [54, 55] of emitter plant. It also demonstrates potential community effects [56, 57] of SOM compounds from specific genotypes of living plants. Box 
Formation of SOM in Oxidation of Primary VOC Emissions
Once emitted by vegetation and soils, the primary VOCs are converted into various photooxidation products by reactions with photochemically created gas-phase oxidants ( Figure I ). Continued photooxidation and particle-phase accretion reactions create progressively less volatile compounds, which eventually deposit into aerosol particles or on various surfaces, including surfaces of plants. Effective lifetimes (t) with respect to gas-phase reactions with OH, O 3 , and NO 3 and with respect to photolysis (denoted by subscript hv) are calculated (Table I) a-pinene, pinonaldehyde, cis-pinonic acid, and 10-hydroxypinonic acid are taken from recommendations in [77] [78] [79] . Parameters for verbenone and other compounds are estimated from values found for structurally related compounds that exist in the Master Chemical Mechanism for VOC photooxidation [77] [78] [79] (e.g., the photolysis rate for the carbonyl group in the 368-dimer is taken to be the same as that for cis-pinonic acid). If the rate is missing it means the reaction is expected to be much too slow to contribute to the removal of the compound. For example, ozone reactions are only significant for compounds containing unsaturated C¼C bonds, NO 3 reactions are significant for the unsaturated compounds and aldehydes, and photolysis is only significant for carbonyls and peroxides. 
SOM in Soil
Soil is an important source of biogenic VOCs released by living plant roots and other organisms such as fungi and bacteria, but it may also act as a sink of VOCs [58] . Dead plant material, such as wood [59] and needle litter [60] of terpene-storing plant species, is a significant source of soil VOCs and possibly they form SOM by both biotic and abiotic pathways. (We should note that abbreviation 'SOM' is often used in the soil literature for 'soil organic matter', which is a larger pool of organics and includes the secondary organic material from VOC oxidation that discussed in this paper.) For instance, there was substantial reduction in monoterpene content of Scots pine needle litter during 19 months of natural decomposition, and at the same time concentration of several monoterpene oxidation products including a-pinene-derived verbenone, verbenol, and myrtenal increased in litter [22] . These secondary compounds in litter are believed to be fungal conversion products of a-pinene [61] . However, verbenone [62] has been found in organic aerosols above forests, and myrtenal is an important early-stage a-pinene oxidation product, which after further oxidation leads to formation of terebic acid and pinic acid, important a-pinene tracers in SOA [63] . Biogenic SOM in the soil may originate directly from oxidation of dead plant material, leached from surfaces of living plants or deposited directly to soil from atmosphere. The SOM accumulated in the soil may have long lifetimes, and SOM effects on soil organisms can be ecologically considered as afterlife effects of plants [56] , that is, the original producer of VOCs and SOM might not be alive any longer.
As previously described, snow [39] and ice covers [40] accumulate atmospheric SOM, but snow surface possibly lack biotic production of SOM. Snow and ice depositions could potentially be used to distinguish between deposited SOA and SOM formed in soil processes. So far, no analysis of biogenic SOA/SOM deposited directly or leached to soil layers has been done.
Ecological and Co-evolutionary Considerations of SOM
Plant VOC emissions are typically divided into constitutive and induced. Constitutive VOCs are normally used as orientation cues by specialist herbivores of the host plant. Polyphagous herbivores and specialist herbivores of other plant species are usually repelled by these emissions [5] . The induced VOCs that are emitted after herbivore feeding have a much more diverse blend of VOCs, and typically attract enemies of herbivores. The herbivore-induced plant volatiles (HIPV) are often dominated by compounds such as sesquiterpenes and homoterpenes, which are more reactive towards oxidants than constitutive emission VOC blends [64] , and are efficiently converted into SOA.
Abiotic and biotic stressors affect not only the VOC emissions but also the properties of resulting SOA. SOA particles formed from herbivore-induced VOCs have higher hygroscopicity; the particles grow faster and show improved potential to act as cloud condensation nuclei (CCN) [65] . Does the improved CCN formation from stressed terrestrial plants imply feedback [40, 80] Norpinic acid [81] 10-Hydroxypinonic acid [81] Diaterpenylic acid acetate [81] Dinorpinic acid [81] 8-Hydroxypinonic acid [81] 3-Hydroxyglutaric acid [40, 80] cis-Pinonic acid [40, 80] Pinic acid [40, 80] 3-Methyl-1,2,3-butanetricarboxylic acid (MBTCA) [31, 80] b-Caryophyllinic acid [80] b-Caryophyllene aldehyde [82] b-Nocaryophyllone aldehyde [82] b-Nocaryophyllon aldehyde [83] b-Hydroxynocaryophyllon aldehyde [83] b-Dihydroxynocaryophyllon aldehyde [83] between plants and local climate [66, 67] ? In natural ecosystems, wind stimulates VOC emissions from plants [68] and prevailing winds may result in SOA particle formation visible as 'blue haze', to take place downwind from the emitting forest stand [67] . In this case, the light scattering effect of SOA [69] may only partly affect the VOC emitting population by the improved diffusion of solar light within the canopy [67] . SOA taken by air currents to cloud base (1 km altitude) may affect formation of CCN and have atmospheric feedback to ecosystems even hundreds of kilometers from the emission site [28] . This suggests the plant-SOA-dependent feedback in climatic conditions takes place in regional scale in large ecosystems, called biomes.
At the plant foliage level, chemical properties of SOM might be most important to affect biotic interactions on plants. High reactivity of induced VOCs and rapid formation of SOM in the headspace of the herbivore-damaged Brassica plants have been demonstrated [53] . Herbivorous diamond back moth (Plutella xylostella) larvae avoided filters exposed to O 3 -transformed Brassica VOCs and spent less time searching on them compared to filters exposed to original Brassica VOCs in filtered air. This served as evidence that SOM formed in ozonolysis reactions and accumulated on simulated leaf surfaces has repellent properties [53] . Avoidance of SOMcontaining surfaces by herbivore larvae may reduce feeding damage and eventually improve plant fitness. Another study [70] with P. xylostella adults and artificial leaves (microscope slides covered with broccoli leaf wax) showed that herbivore-induced VOCs were adsorbed on artificial leaves in filtered air and the leaves released 24 h and 48 h afterwards adsorbed sesquiterpenes. Artificial leaves were preferred for egg-laying by P. xylostella, but if leaves were exposed to herbivore induced VOCs at air with 80 nmol mol À1 ozone, artificial leaves did not release sesquiterpenes anymore and lower numbers of eggs were laid on them. Surface chemistry was not analyzed, but it can be speculated that the loss of sesquiterpenes led to formation of SOM on artificial leaves, and SOM might have partly affected the egg-laying rate.
Various derivatives of the same plant volatile compound might have very different ecological functions. Monoterpene a-pinene emitted by host trees is an attractant for the females and males of the mountain beetle Dendroctonus ponderosae [71] . Derivatives (cis-verbenol and trans-verbenol) of dietary a-pinene produced in fat body tissue of these bark beetles act as aggregation pheromones, but under high population density beetle-repelling verbenone is produced. Verbenone also exists in pine emissions and it is found in natural SOA [62] , but under sunny conditions, this compound is photoisomerized to chrysanthenone, a compound with no known effects on bark beetle behavior [71] . However, chrysanthenone acts as an attractant for females of xylem feeding Cerambycid beetles [72] . We may expect SOM formed from plant terpenes to have diverse ecological functions depending on the type of SOM formation process and aging.
It is obvious that at least part of the SOM formed from plant VOC emission in the headspace of foliage can be deposited on other plants. Given that it takes a few hours to oxidize VOC into SOM (Box 1), the air mass can travel many kilometers (assuming average wind speeds of $10 km/h) before VOCs are oxidized and deposited as SOM. Does this have any ecological relevance? We might expect that ecological information can be the same at 1 m and 100 km distance, if the vegetation type and ecosystem structure is the same. For example, if SOM formed from pine VOCs can act as a repellent for pine-feeding beetles it should act as a feeding repellent to the same herbivore on all pine trees downwind of the emission site.
We may expect that ecologically effective distance of SOM is therefore longer than the 1-m [9] distance that was found to be effective in plant-plant communication by induced plant VOCs. By contrast, deposition of species-specific semivolatile VOCs of emitting neighboring plants have been detected on birch foliage at a 5-m distance from emitter plant [51] . This suggests that also semivolatile reaction products of plant VOC in the early stage of SOM formation process can stick on surfaces of neighboring plants. So far, we cannot detect SOM from plant foliage and evaluate the proportions of SOM from self-emitted VOC and deposited SOM originating from other plants.
Concluding Remarks and Future Perspectives
In this opinion paper, we propose that both the SOM made of early-generation VOC oxidation products and the complex mixture of products of further SOM aging can significantly affect the plant-plant interactions and plant interactions with other organisms [53] and also have wideranging ecosystem level effects. Better knowledge of the chemical fate and effects of biogenic SOM might improve identification and quantification of chemical signatures of stress at the ecosystem scale [73] and help reveal how ecosystems will respond and adapt to future climate change (see Outstanding Questions). The plant scientists and ecologists should look beyond the effects of the initially emitted VOCs and start doing laboratory experiments and field measurements on various biological effects of SOM as well as gaseous VOC oxidation products. Better knowledge of the biological effects of plant VOC oxidation products may allow development of future SOM-based applications in plant resistance breeding and biological control.
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